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ABSTRACT o W
Fe-16Mn and Fe-25Mn base alloys, which had been cold worked to
yield strength levels of 201 and 178 KSI, were resistant to degradation. -
of mechanical properties in a one atmosphere hydrogen environment at -
ambient temperature under the loading conditions employed in this
investigation. Transmission electron microscopy established that bands Ht
of e' martensite and fcc mechanical twins were formed throughout the C t
fcc matrix when these alloys were cold worked. In the cold worked
alloys a high density of crystal defects were observed associated with '~ '
both types of strain induced structures, which should contribute _-
significantly to the strengthening of these alloys. High strength iron
base alloys :can be produced which appear to have some resistance to
degradation of mechanical properties in a hydrogen environment under Io
certain conditions. o C
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High strength martensitic and ferritic steels are usually embrittled
by internal hydrogen (1-5) or a low pressure hydrogen environment(5-7) at
substantially reduced stress or stress intensity levels compared to the
critical failure levels when hydrogen is not present. The chemistries and
microstructures of these alloys are selected to produce high strength,
and then the resistance of the alloy to embrittlement by hydrogen is
determined. If a hydrogen environment affects the mechanical properties
of an austenitic steel, usually the ductility is decreased with only a
slight decrease in strength level, if any at all (8- 4) . However, severe
electrolytic charging (15 -18) or thermal charging in a high pressure
hydrogen environment can decrease the ductility of many austenitic steels(12 ,19 ,20)
By investigating the relationship of alloy chemistry and metallurgical micro-
structure to hydrogen assisted cracking in simple alloy systems with a
face centered cubic matrix, it may be possible to design high strength
alloys which have some resistance to the degradation of mechanical properties -
in a hydrogen environment under certain conditions.
Certain iron base and cobalt base fcc alloys exhibit high work
hardening rates and can be cold worked to high strength levels2125)
When the microstructures of these alloys have been studied, it has been
observed that these effects are due either to mechanical twinning or strain
1-24,26,27)induced martensite 2. For Fe-Cr-Ni base austenitic alloys in
which strain induced or chemical transformations occur usually when a hcp
martensite is formed, a bcc martensite is also formed 28-32) In
Fe-Mn base alloys for certain ranges of alloy chemistries the phases
observed have been only fcc and hcp (2 1,3 3-35)
If substantial amounts of a'-bcc martensite form in an alloy with
an austenitic matrix during mechanical testing, it has been observed that
a hydrogen environment can degrade the mechanical properties of the alloy
even at a pressure of one atmosphere for some alloys. 9 '36 38) . The
ductility of low stacking fault energy (SFE) austenitic steels, some of
which are stable with respect to formation of a', can be reduced in the
(12,14)presence of hydrogen (12 14 )  High energy rate forging (HERF) forms
dislocation tangles in austenitic alloys of this type and results in
only a slight degradation of the ductility of the alloys in the presence
-of hydrogen as compared to an inert environment(12) Cold working low
SFE austenitic alloys in which substantial amounts of E' and/or fcc
mechanical twins form along with a relatively high concentration of
dislocations may produce a high strength alloy which has some resistance
to degradation of mechanical properties in a hydrogen environment.
A Co-Fe base alloy which is fcc in the solution treated state
can be cold worked to a yield strength level of 240 KSI and is partially
strengthened by the formation of e'-hcp martensite and fcc mechanical
(-24)twins (4) This alloy at a yield strength level of 240 KSI did not
appear to be degraded when loaded in a one atmosphere hydrogen environment
at ambient temperature( 24). An Fe-25Mn base alloy similar to the one
used in this investigation was severely hot worked at 4000C to a yield
strength level of 179 KSI in order to suppress a martensitic transformation
and produce an alloy that might transform to e' martensite when plastically
deformed at ambient temperature. The mechanical properties of this alloy
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were not affected in a one atmosphere hydrogen environment at ambient
temperature, and x-ray analysis indicated the presence of some e'(39)
However, the mechanical properties of several other hot worked Fe-Mn-C
alloys with less manganese were affected by a hydrogen environment (39)
In Fe-Mn base alloys, a variety of phases can be present at
ambient temperature ranging from various bcc phases in dilute alloys
through epsilon and austenite in the alloys with higher manganese
.concentrations (2 1 33-35,40 -42) . Only epsilon and austenite.have been
reported to be present for certain higher manganese concentration
ranges (21 ,33- 35 ) . For binary Fe-Mn alloys it has been shown that for
manganese concentrations greater than ten percent the free energy of
formation of epsilon in austenite becomes less than for bcc phases(3 5)
Since carbon in solid solution is a potent austenitic stabilizing element,
the addition of carbon to Fe-Mn binary alloys will stabilize the alloy
with respect to martensitic transformations(2 1) . In Hadfield steels
which contain about 13% Mn and 1.0% C, fcc mechanical twins are formed
when the alloy is plastically deformed which are responsible for the
(22)high rate of work hardening (22) Consequently, when a substantial amount
of either a strain induced martensitic transformation or mechanical
twinning occurs in an austenitic Fe-Mn base alloy during plastic deformation,
the alloy will exhibit a high work hardening rate and can be cold worked
to produce high yield strength levels 1,22)
The objective of this investigation was to study the effect of a
hydrogen environment on the fracture behavior of selected Fe-Mn base
S3 -
alloys which were cold worked to produce high yield strength levels. On
the basis of available information, alloys were selected in which it was
thought cold work would produce either strain induced e'-hcp martensite
or mechanical twinning in an fcc matrix. The initial microstructure of
each alloy in both the solution treated and initial cold worked states
was determined using transmission electron microscopy techniques in
conjunction with x-ray analysis and optical microscopy.
EXPERIMENTAL PROCEDURE
An Fe-Mn base alloy containing twenty-five percent manganese with
0.29 percent carbon was selected for it was thought that cold working
of this alloy would produce strain induced E'-martensite in an fcc matrix.
This alloy was cold worked thirty percent before mechanical testing.
On the basis of microstructural studies of cold worked Hadfield steels (22)
the alloy cryogenic Tenelon (i.e. Fe-16Mn alloy) was selected in which
cold working might produce primarily mechanical twinning in the austenitic
matrix (43) . It has been reported that a similar alloy can be cold worked
to yield strength levels greater than 200 KSI (25 ) . For an alloy with a
chemical composition similar to the Fe-16Mn alloy of this investigation,
magnetization measurements indicated the presence of less than one percent
of a magnetic bcc phase after severe plastic deformation 4 3 . The alloys
were solution treated at 11250 C. The chemical composition of these
alloys is presented in Table I.
Single edge notch specimens (SEN), for which a stress intensity
calibration is available (44)  and tensile specimens were used to determine
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the fracture behavior of the alloys. The width of the SEN specimens was
one inch with a thickness of 0.056 inch for the Fe-25Mn alloy and of
0.040 inch for the cryogenic Tenelon. All the SEN specimens were
precracked by fatigue loading prior to loading in tension with the
specimens which were tested in hydrogen being precracked in this
environment just prior to tensile testing. The maximum stress intensity
parameter in air was determined for each alloy. The tests in a hydrogen
environment were run at 0.9 of an atmosphere and at ambient temperature.
The SEN specimens were held at constant increasing successive stress
intensity levels, and the crack growth rate was monitored. The SEN
specimens were tested in a stainless steel high vacuum chamber mounted
on a standard MTS test system. The tensile tests were run at a strain
rate of 5 x 10-4 IN/IN in a stainless steel vacuum chamber mounted on
a tensile machine. The test chambers were evacuated and flushed with
hydrogen before the hydrogen test environment was introduced. High
purity hydrogen which was passed through a liquid nitrogen trap was
used for a test environment.
X-ray analysis was carried out using a diffractometer with Mo Ka
radiation. Optical microscopy (34 ,43) and transmission electron
microscopy (TEM) specimens(27,45) were prepared using techniques that
have been described elsewhere. The TEM specimens were examined in a
JEM-7A transmission electron microscope operated at 120 KV and equipped
with a goniometer 30* tilt stage. Electron fractographs were obtained
from a JSM-2 scanning electron microscope.
RESULTS
The mechanical properties of the alloys are given in Table II.
Cold working of these Fe-Mn base alloys can produce high yield strength
levels of the order of 200 KSI. The maximum stress intensity levels
listed in the table are the levels at which the alloy fractured in either
an air or hydrogen environment. From the stress intensity values, crack
growth rates and ductility data listed in Table II, it appears that the
mechanical properties of neither of the alloys was degraded by a hydrogen
environment under the test conditions employed. Comparison of the
fracture modes for specimens of the same alloy using the scanning electron
microscope revealed similar fracture modes in both the air and hydrogen
environments. Therefore, high strength iron-manganese base alloys can
be produced which appear to be resistant to degradation of mechanical
properties in a one atmosphere hydrogen environment at ambient temperature
under the loading conditions employed in this investigation.
For the Fe-16Mn and Fe-25Mn alloys of this study magnetization
measurements indicated the presence of less than one percent of a
magnetic phase in the as received cold worked alloys from which the
mechanical test specimens were obtained and in specimens taken from the
gage section of fractured tensile specimens. The initial microstructure
of each alloy in both the solution treated and cold worked states was
investigated using primarily transmission electron microscopy techniques
in conjunction with x-ray and optical microscopy techniques in order to
correlate the mechanical properties with the initial metallurgical
microstructure. X-ray analysis of the solution treated Fe-16Mn alloy
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revealed only the fcc matrix structure. Transmission electron microscopy
analysis revealed only traces of other structures for the alloy in this
state. Specimens of this alloy which were cold rolled twenty and
fifty percent respectively were examined. X-ray analysis did not reveal
any evidence of a phase other than fcc in the cold worked specimens.
Optical micrographs of the deformed alloys revealed a deformed grain
structure with a uniform complex fine structure in the matrix, Figure 1.
Transmission electron microscopy revealed that the predominant strain
induced transformation was the formation of fcc mechanical twins in
the fcc matrix although some strain induced e'-hcp martensite was observed.
A bright field transmission electron micrograph of a single fcc mechanical
twin variant (111) is shown in Figure 2a for a specimen cold worked
twenty percent. A selected area electron diffraction pattern from this
region, Figure 2b, reveals the fcc matrix orientation is [411] with
a [0 11]T twin orientation; and the individual diffracted beams of each
structure are indexed in Figure 2c. The orientation relations between
fcc matrix zones and fcc twin zones were obtained from stereographic
analysis on the basis of four possible twin variants which form on {111}
matrix planes. The reversal of contrast for the band structure between
the bright field image of Figure 2a and the dark field image of Figure 2d,
using the (1T1)T beam from the twin pattern, proves that the bands are fcc
mechanical twins since when a beam diffracted from the twin structure is
used to form the image the twins appear bright in relation to the fcc
matrix. In Figure 2d, dislocations and sharp changes of contrast can be
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observed along the twins. A dark field image formed from the superimposed
(220) - (0 22)T beams, Figure 2e, reveals a high density of dislocations
associated with the twin bands. These may be mostly matrix-twin interface
dislocations which in general it has been shown must be generated for
dislocations to move through a twinned crystal(22). The greater the
density of twins and the density of dislocations associated with twins,
the higher is the applied stress necessary for dislocation motion. As
is illustrated in Figure 2e, an alloy cold worked twenty percent has a
relatively high density of both twins and of dislocations associated with
the twins which would help account for the high yield strength levels
produced by cold working this alloy. Many regions of this specimen also
contained more than one twin variant.
There are two twin variants in the bright field micrograph from
an Fe-16Mn specimen cold worked fifty percent, Figure 3a. An analysis
of the selected area diffraction pattern from this region, assuming that
the observed bands were fcc mechanical twins formed on the {lll) matrix
planes, resulted in a correlation between the observed diffraction
pattern, Figure 3b, and the calculated pattern, Figure 3c. The matrix
orientation was [125] with [110]T and [12]T twin orientations which
correspond to twin plane variants (111) and (111) respectively. The (111)
twin variant is revealed by a dark field image with the (002)T twin beam
from the [110]T twin pattern, Figure 3d. A dark field image with the (111)
twin beam from the [121]T twin pattern illustrates the (111) twin
variant, Figure 3e. Trace analysis showed that the twin planes were
- 8
along {111} . There is a dense irregular arrangement of dislocations in
the fcc matrix, Figure 3a.
Two epsilon variants are observed in the bright field micrograph
of Figure 4a obtained from a Fe-16Mn alloy cold worked twenty percent.
An analysis of a selected area diffraction pattern from this region,
Figure 4b, revealed a [015] matrix orientation with [0111] , and [1011] ,Y
orientations which correspond to an e' variant forming on the (111)
plane and an e' variant forming on the (111)y plane, Figure 4c. The
two variants are illustrated by dark field images formed with the (1011)t,
beam, Figure 4d, and with the (l1101), beam, Figure 4e. A high density
of dislocations and fault structures is observed to be associated with
the e' bands of Figure 4d, and Figure 4f, which is from a region adjacent
to the region of Figure 4a. This high density of defects associated with
the ' .bands should contribute significantly to the strengthening of a
cold worked alloy which contains thin bands of e'-martensite.
X-ray analysis of the Fe-25Mn alloy revealed only a trace of c
and no a in the solution treated alloy and a substantial amount of e'
with no a' in the alloy cold worked thirty percent. An optical micrograph
of the cold worked alloy reveals severe deformation and a fine deformation
structure, Figure 5. A region from a Fe-25Mn alloy cold worked 30% is
illustrated in the bright field electron micrograph of Figure 6a. -A
selected area diffraction pattern from region A, Figure 6b, reveals a
[110]y matrix orientation, a [110] T fcce twin orientation, and a [1210],1
orientation as illustrated in the diagram of Figure 6c. The band
structures contained in the fcc matrix are revealed by the dark field
9-
image from a (002) beam, Figure 6d. The e' phase from the (111) variant.
is observed when the (1011)E, beam is used to form a dark field image,
Figure 6e. An image with the (111)T twin beam reveals the (111) fcc twin
variant, Figure 6f. A selected area diffraction pattern from region B
tilted to the [0111] orientation reveals the presence of a second epsilon
variant of the type (111) present in the matrix. A dark field image with
the (1011) , beam from the [0111], zone illustrates the second e' variant,
Figure 6g. The predominant strain induced structure in the Fe-25Mn alloy
is epsilon martensite. A dense irregular arrangement of dislocations is
observed in the fcc matrix, Figure 6a.
DISCUSSION
The high strength cold worked Fe-Mn base alloys studied in this
investigation were partially strengthened by the formation of strain
induced e'-hcp martensite and fcc mechanical twins in an austenitic
matrix. The predominant strain induced strengthening structures were
mechanical twins in the Fe-16Mn alloy and epsilon martensite in the
Fe-25Mn alloy. At yield strength levels of 178-201 KSI, the mechanical
properties of these alloys did not appear to be affected by a one
atmosphere hydrogen environment at ambient temperature under the loading
conditions employed in this investigation.
A series of Fe-Mn-C alloys containing approximately 0.3% C with
16, 20 and 25% Mn respectively, were hot worked to yield strength levels
in the range of 173 to 193 KSI( 39)  During mechanical testing in a one
atmosphere hydrogen environment at ambient temperature, the ductility
of only the Fe-16Mn and Fe-20Mn alloys was decreased; and slow crack
growth was observed for the Fe-16Mn alloy only. After mechanical testing,
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the Fe-20Mn and Fe-25Mn alloys were reported to contain austenite and
e martensite; and the Fe-16Mn alloy contained these phases plus c'
martensite.
The effect of hydrogen on the mechanical properties of an alloy
should depend on the alloy chemistry, metallurgical microstructure, and
test conditions with respect to hydrogen. The hydrogen test conditions
would be determined by the pressure and temperature of a hydrogen test
environment or the degree of saturation of an internally charged alloy
at a given test temperature. When a substantial amount of c'-bcc
martensite forms during mechanical testing of an austenitic steel, a
hydrogen environment can degrade the mechanical properties of the alloy
(9,36-38)
even at pressure of one atmosphere for some alloys In the
presence of hydrogen the ductility of austenitic steels, some of which
are stable with respect to formation of. ', has been observed to be
related to the degree of coplanar slip in the alloy which is a function
of the stacking fault energy (12'14) . In general, the ductility of low
SFE austenitic alloys appears to be reduced during tensile tests in a
high pressure hydrogen environment while the ductility of high SFE alloys
appears not to be or only slightly affected (12'14) . If enough hydrogen
is introduced into austenitic steels, usually by severe electrolytic
(15-18)
charging or charging at an elevated temperature in a high pressure
(12,19,20)hydrogen environment , the ductility of many austenitic alloys
can be reduced. The greater decrease in ductility due to the presence
of hydrogen in alloys with coplanar slip has been interpreted in terms
of the transport of hydrogen with moving dislocations to points where
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microcracks or microvoids nucleate(l2 14). For an alloy in which
coplanar slip occurs, it has been proposed that the moving dislocations
will tend to release hydrogen to form molecular hydrogen at microcracks
and microvoids which will stabilize and aid in the growth of these
defects; in higher SFE alloys where cross slip readily occurs, moving
dislocations will tend to bypass dislocation barriers. The alloys of
this investigation in which strain induced e' and fcc mechanical twins
form are low SFE alloys which exhibit coplanar slip in the low strength
states. Tensile tests in a 104 PSI hydrogen environment at ambient
temperature with a solution treated Fe-16Mn alloy similar to the one
used in this investigation have revealed somewhat of a decrease in
ductility although the yield and ultimate strengths did not decrease(12)
High energy rate forging (HERF) of a low and an intermediate SFE alloy
produced a major improvement in the ductility of the alloys in the
presence of hydrogen in comparison to the same alloys with no exposure
(12)
to hydrogen (  . This change in mechanical properties was attributed
to an observed change of dislocation structure from a coplanar type in
the solution treated alloys to a tangled type in the HERF alloys. The
ductility of a low stacking fault energy Fe-Cr-Ni base austenitic alloy
in the cold worked and solution treated states in contact with lithium
hydride was not decreased while the ducility of the alloy in the solution
treated state with a machined surface was decreased under the same test
conditions(14) . These and other results with this alloy were interpreted
in terms of the number of moving dislocations available to transport
hydrogen into the metal and the mean free path for moving dislocations( 14 )
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In the heavily cold worked alloy it was proposed that there were many
sources of mobile dislocations, but the mean free path of mobile
dislocations was too short for a substantial amount of transport of
hydrogen from the surface.
The microstructures of the cold worked alloys employed in this
study consist of relatively closely spaced regions of strain induced e'
or fcc mechanical twins with a dense irregular arrangement of dislocations
in the fcc matrix. A substantial number of defects are also associated
with the strain induced structures. This microstructure should severely
limit the mean free path of moving dislocations and thereby could
inhibit the transport of hydrogen from the surface. This-type of
microstructure should also inhibit coplanar dislocation motion and
the formation of dislocation pileups. In order to more fully evaluate
the relationship between metallurgical microstructure and the resistance
to degradation of mechanical properties by hydrogen for the alloys
employed in this investigation, it will be necessary to study the alloys
in various metallurgical states under more severe test conditions with
respect to hydrogen.
Thermodynamic and kinetic factors can also play an important role
with respect to the effect of a hydrogen environment on the mechanical
properties of alloys. The severity of the test conditions with respect
to hydrogen could be an important factor in the present investigation.
Several recent papers have discussed in detail the processes involved
in transporting hydrogen from a gaseous environment to some interior
point.in a metal and have stressed that these processes could control
- 13 -
whether a hydrogen environment affects the mechanical properties of an
alloy under a particular set of test conditions(7,12-14,46,47) . These
processes include several surface reactions (7 ,12- 14 4 6 ,47) , diffusion
(7,13,46,47) (12,14)
of hydrogen , transport of hydrogen with moving dislocations (
and any reactions that occur in the metal(7 12-14 ,4 6 ,4 7). Temperature
and pressure may have a strong effect on these processes. It is known
that the diffusivity of hydrogen in fcc iron structures such as austenite
(48,49)is several orders of magnitude slower than in the bcc phase   Thus,
it may be that the high strength alloys employed in this investigation
could be affected if higher temperatures and hence higher diffusivities
were involved. This suggests additional experiments at elevated tempera-
tures for delineating the character of the hydrogen interaction at a
crack tip in fcc structures.
High strength steels are designed by selecting microstructures
which will produce high strength and these have usually been alloys that
contained bcc or bct phases. Consequently, high strength steels have
been embrittled by a low pressure. hydrogen environment(57). The
hydrogen embrittlement of alloys should be a function of both alloy
chemistry and microstructure. It may be possible by studying the effect
of hydrogen on alloys with different chemistries and simple well
characterized microstructures to design alloys which have some resistance
to degradation of mechanical properties by a hydrogen environment under
certain conditions. This investigation has established that the
mechanical properties of certain high strength iron base alloys with
specific microstructures do not appear to be degraded by a hydrogen
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environment under the test conditions employed. A Co-Fe base alloy cold
worked to a yield strength level of 240 KSI, which was partially
strengthened by the formation of strain induced e'-hcp martensite and
fcc mechanical twins in a fcc matrix, also did not appear to be degraded
(24)in a one atmosphere hydrogen environment
In order to select Fe-Mn base alloys which may be partially
strengthened by the formation of strain induced s'-hcp martensite or
fcc mechanical twins in a fcc matrix, information is required which
correlates alloy chemistry to the structures present in various
metallurgical states. There have been several investigations in Fe-Mn
binary and Fe-Mn-C ternary systems which correlate the alloy chemistry
with the phases present after various types of heat treatment and cold
working (21 .33-35 41). Some work has also been done in developing more
complex austenitic Fe-Mn base alloys, one of which was employed in this
investigation(22 25 43 5 0)  The microstructures produced in these
more complex alloys by cold work have often not been completely determined,
but the high yield strength levels that can be obtained by cold work
suggest the presence of strain induced transformations. In fcc crystals
C' martensite is produced when stacking faults form on alternate (111)
planes and fcc mechanical twins are formed by faulting on consecutive
(111) planes(51) . There is direct evidence to indicate that e'
martensite is produced by the formation of stacking faults on alternate
slip planes in bundles of irregularly spaced stacking faults in an fcc
(52)
matrix (  . Therefore, a decrease in stacking fault energy in a fcc
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matrix should increase the tendency to form strain induced e' martensite
or fcc mechanical twins(22)
The concept of grain refinement has been employed to help explain
the rapid rate of work hardening and the high strength levels produced in
(22,53)cold worked alloys by the formation of strain induced structures
The Petch correlation(54 ), which was developed to explain the yield
strength dependence on grain size, has been found to correlate reasonably
well the increase in yield strength with the average decrease in spacing
between e' bands in an alloy that was strengthened by the formation of
thin e' bands in an fcc matrix (53). For a material containing bands
of another structure in the matrix to deform plastically, there must be
some mechanism for transmitting plastic deformation through the bands.
For the general case of fcc mechanical twins in a fcc matrix it has been
shown that this occurs by the dissociation of a matrix slip dislocation.
at a matrix-twin interface to form an interface dislocation and a slip
dislocation in the twin crystal(22) The high concentration of
dislocations observed associated with the mechanical twins in this investiga-
tion may be ~rimarily these interface dislocations. However, it is clear
that the high density of dislocations associated with the twins should
make it more difficult to move dislocations through the crystal and
therefore should strengthen the crystal significantly. In a highly:
deformed fcc crystal containing e' bands, a high density of defects
associated with the e' bands was also observed. Therefore, it appears
that mechanical twins or E'-hcp martensitic bands in a heavily cold
- 16-
worked fcc matrix will have a high density of defects which should
significantly strengthen the material.
This investigation has established that certain Fe-Mn base alloys,
with specific chemistries, which have been cold worked to produce high
yield strengths appear to be resistant to degradation of mechanical
properties by a one atmosphere hydrogen environment at ambient
temperature under the loading conditions employed in this investigation.
These alloys were partially strengthened by the formation of strain
induced fcc mechanical twins and e'-hcp martensite in the fcc matrix.
These results help to establish that alloy chemistry and metallurgical
microstructure can play an important role with respect to the effect
of a hydrogen environment on the mechanical properties of alloys.
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TABLE I
Chemical Composition of Alloys in Weight Percent
Alloy Fe Mn C N Cr Ni
Fe-16Mn Bal. 15.9 0.08 0.40 18.0 5.5
Fe-25Mn Bal. 25.2 0.29
TABLE II
Mechanical Properties of Alloys
Red. Total Crack
Yield in Elonga- K Growth
Environ- Strength Area tion I Rate
Specimen ment (KSI) (%) (%) (KSI-IN1/2) (IN/MIN)
Fe-16Mn A 202 32 4.9 96(M) --
C.W. 50% H2  200 35 5.1 89 Ni1
H2  98(M)
Fe-25Mn A 177 14 2.3 96(M) --
C.W. 30% H 179 13 1.8 78 Nil
H2  86 Nil
H2 93(M) --
2
Notes: (1) K (M) = maximum K calculated from load at fracture.
(2) Tests at ambient temperature.
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Figure 1. Plastically deformed Fe-16Mn alloy (a) 20%, (b) 50%.
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Figure 2. Deformation twins in an Fe-16Mn alloy deformed 20%.
(a) Bright field electron micrograph; (b) Selected area
diffraction pattern; (c) Indexed pattern - the pattern
consists of two superimposed reciprocal lattice sections
[411]y, [011] y twin; (d) Dark field micrograph of the
(111) twin variant with (111) twin beam; (e) Dark field
micrograph with (022) - (024 superimposed beams
showing dislocations Issociate with twin bands.
0 41) ff -](1)FCTI
(a)
TiS 0041 l. 'T 113T 222 T 331
T T o T T T
050
:_T 
O~. '
T  20OT
S
3
1i T I2T i13T 002T 
T  
T
(dc)
Figure 3. Two deformation twin vari'vt.; s : an Fe-l6Mn alloy deformed
50%. (a) Bright field electcron iiicrograph; (b) Selected
area diffraction pattern; (c) Indexed pattern - the pattern
consists of three superimposed reciprocal lattice sections
[1251 1--] twin I, [0]twnII; (d) Dark field
~ [l~]~J.['1?31t1i
micrograph of the (111) twin variant with_(002) TII twin
III OII
beam; (e) Dark field micrograph of the (111) twin variant
with (111 TI twin beam.
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Figure 4. Epsilon variants in an Fe-16Mn alloy deformed 20%.
(a) Bright field electron micrograph; (b) Selected area
diffraction pattern; (c) Indexed pattern - the pattern
consists of three superimposed reciprocal lattice
sections [015] , [(1T] , [1011] ; (d) Dark field
micrograph of he (1 1 1 ) variant with the (1011) beam;
(e) Dark field microgra h of the (111) variant withthe (1101) beam; (f) Dark field micrograph of ( )
variant with the ( 1 1 0 1 )c , beam.
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Figure 5. Optical micrograph of Fe 23 Mn alloy deformed 30%.
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Figure 6. Typical region in an Fe-25 Mn alloy deformed 30%.
(a) Bright field electron micrograph.
(b) Selected area diffraction pattern from region A.
(c) Indexed pattern from region A - the pattern consists
of three superimposed reciprocal lattice sections
[110]y, [12102,, and [f1O]T twin.
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Figure 6 - continued.
(d) Dark field image with (002) beam illustrating the
band structure. 7
(e) Dark field image of the (111) c variant with (l011)
beam illustrating the first epsilon variant in (a).
(f) Dark field image of the (111) twin variant with (111)
twin beam.
(g) Dark field image of the (111) c' variant with the
(10l) , beam from the [0111] , orientation observed
in a selected area diffraction pattern from region Billustrating the second epsilon variant in (a).
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